IMPORTANCE Epigenetic studies present unique opportunities to advance schizophrenia research because they can potentially account for many of its clinical features and suggest novel strategies to improve disease management.
T he methylation of DNA cytosine residues at the carbon 5 position is a common epigenetic modification that is often found in the sequence context CpG. Investigations of these markings provide a promising complement to schizophrenia studies of DNA sequence variation. First, methylation can directly affect gene expression, so it may capture additional variation in disease susceptibility. Indeed, specific epimutations have already been associated with human diseases, including psychiatric disorders. 1 Second, methylation studies may advance our understanding of schizophrenia. For example, they can potentially account for a variety of features, such as its episodic nature. 2, 3 Third, the translational potential is considerable. For example, epigenetic markings are modifiable by pharmaceutical interventions, making them possible new drug targets. 4 The pathogenic processes for psychiatric disorders likely involve the brain. However, brain tissue is not readily accessible in living patients, so blood is typically used in biomarker studies. There are 2 models explaining how methylation studies in blood can advance schizophrenia research. 5 Neither model assumes that methylation in blood directly affects disease susceptibility, although this is possible, in principle, because blood provides a biological environment for other tissues, including the brain. In the "signature" model, associations occur between schizophrenia and methylation markings because the factors that increase disease susceptibility leave a biomarker signature in blood. Thus, the methylation markings in blood implicate a cause of the disease, which may affect schizophrenia through processes that are unrelated to methylation in the brain. In contrast, the "functional mirror site" model assumes a causal role of methylation sites in the brain. When the methylation status of these sites in the brain is mirrored by the corresponding sites in the blood, we will observe associations between schizophrenia and methylation markings at the same loci in blood. Compared with tissue-specific differentially methylated regions, 6 correlated methylation profiles across tissues are common. Mirror sites occur because peripheral tissues may reveal methylation markings predating or resulting from the epigenetic reprogramming events affecting the germ line and embryogenesis, 7 and environmental factors and genetic polymorphisms can affect methylation levels in multiple tissues. 8, 9 To study the 2 models, 5 we administered haloperidol decanoate to inbred mice and then performed whole-methylome profiling in the blood, cortex, and hippocampus. More than 65% of the sites showed correlated changes where the concordance rates were similar between blood and brain vs between the 2 brain tissues. This showed that factors affecting brain processes (eg, haloperidol) can leave biomarker signatures in blood and that the methylation status of many sites in the brain is mirrored in the blood. Current knowledge about the role of DNA methylation in schizophrenia is mainly acquired from relatively small studies of peripheral blood [10] [11] [12] [13] [14] [15] [16] [17] and postmortem brain tissue.
18-26
Most studies focused on specific genes, such as RELN, The goal of the present study is to identify schizophrenia methylation biomarkers in blood through a methylome-wide association study (MWAS). The most comprehensive method involves the use of next-generation sequencing after bisulfite conversion of unmethylated cytosines. Currently, however, this is not economically feasible considering the sample sizes required for an MWAS. 27 As a cost-effective alternative, we first captured the methylated DNA fragments and then sequenced this methylation-enriched portion of the genome . Our "discovery" MWAS sample consisted of almost 1500 schizophrenia cases and controls. Critical findings were replicated in an independent group of participants using targeted bisulfite pyrosequencing.
Methods
Detailed descriptions of the method can be found elsewhere. 29-31 Our study was approved by the institutional review board at Karolinska Institutet, Stockholm, Sweden, and written informed consent was obtained from all participants.
Sample Table 1 describes the "discovery" MWAS and replication samples. All participants were selected from national population registers in Sweden and are part of a larger study. 32 Because 3 participants withdrew their consent during the study, we report results for 1497 participants. Key findings were replicated in an independent group of 1144 participants and at other sites in an independent group of 360 participants. For all participants, DNA was extracted from the buffy coat of whole blood.
Whole-Methylome Profiling
We used MethylMiner (Invitrogen), which employs MBD protein-based enrichment of the methylated DNA fraction, followed by single-end sequencing (50 base-pair reads) on the SOLiD platform (Life Technologies). We eluted the captured methylated fraction with 0.5M sodium chloride to increase the relative number of fragments from CpG-poor regions, 29 which otherwise would not be as well covered. 33 To avoid batch effects, samples were processed in random order. eTable 1 in the Supplement gives descriptive statistics for a variety of sequencing parameters. In summary, after deleting reads with more than 2 missing calls, we obtained a mean (SD) number of 68 (26.8) ). For example, these analyses showed that, in this fairly homogeneous sample, ancestry did not contribute substantially to variation in the methylome, and it was therefore not included as a covariate.
Blood consists of a variety of cell types. By using wholeblood samples, we are studying an "average" methylation pattern that will be dominated by the common types. This can produce false positives only if both (1) the relative abundance of common cell types differs across cases and controls, and (2) methylation patterns of common cell types differ. Ideally, we would have case-control MBD-seq data obtained from separated white blood cells 36 to identify sites that are at risk for creating false positives. The principal component analysis provides an alternative in situations where cell-type heterogeneity affects many methylation sites. [36] [37] [38] Participants with a similar cell-type composition will have more similar multilocus methylation patterns, and these patterns will be captured by the principal components. However, situations where few methylation sites are involved will remain uncorrected. We note, however, that most tissue samples will be heterogeneous, so similar risks are present when studying other tissues too.
Network Analyses
We used ConsensusPathDB [39] [40] [41] to generate protein-protein interaction (PPI) networks and perform pathway analyses based on the Reactome, 42 Kyoto Encyclopedia of Genes and Genomes, 43 and BioCarta databases. To create microRNA (miRNA) networks, we used the University of California, Santa Cruz, genome track TS miRNA site for GRCh37/hg19, which is based on TargetScan 5.1 (Bioinformatics and Research Computing). All blocks with q < 0.01 in the MWAS were matched to the closest gene ±20 kilobases. For each of the 4601 reference pathways present in ConsensusPathDB, incorporating 9859 known genes, a hypergeometric test was performed to study whether the overlap between the top MWAS genes and those present in each reference pathway was higher than expected by chance.
Replication
For the replication, we used targeted bisulfite pyrosequencing. 44, 45 We replicated the top 5 MWAS findings and 10 sites selected from the network analyses. Controlling the familywise error rate at the α level of .05 through a Bonferroni correction therefore gives a threshold of .05/15 = 3.3 × 10 −3 . We conservatively used the highest (least significant) P value if there were multiple (correlated) CpG sites in the same assay. Finally, we added a negative control by assaying a site with a high nonsignificant MWAS P value, and to assess the efficacy of the principal component analysis, we selected the 2 most significant findings obtained after performing the MWAS without principal components. For network/pathways findings, a second "replication" opportunity existed by testing whether, after excluding the (top) findings used to identify the networks, the remaining genes from that network are also associated with casecontrol status in the MWAS (for miRNA networks, these tests are not suitable because miRNA likely regulates genes that may have different functions). For this purpose, we performed permutation tests.
Results
Our Figure shows the MWAS Manhattan plot with 139 tests with q < 0.01, meaning that less than 1% of the 139 findings are expected to be false discoveries (eFigure 3 in the Supplement). 46, 47 The P values for these sites ranged from 10 −7 to 10 −11
, with 25 sites reaching significance after we used the highly conservative Bonferroni correction (threshold P = 1.15 × 10 −8 ). Our test statistic inflation parameter λ of 1.12 was higher compared with what is commonly observed in genome-wide association studies. This λ value is unlikely an artifact. After we performed a square root transformation to normalize the data and mitigate the effects of possible outliers, λ did not change. Furthermore, increasing the stringency of the quality control resulted in higher rather than lower λ values (eFigure 4 in the Supplement). Instead, this λ value reflects that methylation studies are more akin to gene expression studies that typically show many correlated effects with relatively large effect sizes.
Of the 139 MWAS findings, 112 overlapped with genes. Table 2 shows that regardless of whether we used PPI networks, pathway databases, or miRNA target networks, hypoxia was the dominant theme. For example, the PPI network centered on EPAS1 (previously known as hypoxiainducible factor 2) includes 2 genes, both of which were detected in our MWAS. EPAS1 encodes a transcription factor induced as oxygen levels fall and is known to specifically interact with ETS1, another center for a PPI network among our findings, which is involved in the regulation of vascular development in the neonatal mouse brain. 48 Furthermore, transcription coactivator EP300 is necessary for hypoxiainduced transcriptional activation and is upregulated in lowoxygen conditions. 49 Using reference biological pathways, we detected the hypoxia-inducible factor 1 alpha (HIF1A) transcription factor network. HIF1A, together with ARNT, forms hypoxia-inducible factor (HIF), which regulates hypoxia-inducible genes. 50 In addition, AKT signaling is an important modulator of HIF activity, 51 and signaling by Rho
GTPases has been linked to hypoxia response, particularly in the vascular system. 52 Finally, miRNA miR-217 regulates heme oxygenase 1, an enzyme responsive to hypoxic conditions. 53 Other findings shown in Table 2 converge on immune system themes. A prominent example is IgA1 (encoded by IGHA1), which is highlighted by our PPI network analyses. Although several genes associated with this network (RUNX3, CREB1, and SMAD3) are involved in multiple pathways, FCAR is highly specific to IgA because it encodes the receptor for the Fc fragment of IgA. In blood, FCAR interacts with IgA to initiate inflammatory reactions and phagocytosis. Fcγ-mediated phagocytosis, related to the action of IgG, was also among the top findings in our pathway analysis. Table 3 shows the replication results (for design features of pyrosequencing assays and for full replication results, see eTables 2 and 3, respectively, in the Supplement). Except for the control sites, the direction of effects was the same in the replication as in the MWAS. Although all 5 top findings had replication P values of less than .05, only FAM63B remained significant after applying our very conservative correction for multiple testing. FAM63B was our top MWAS finding with a P = 6.3 × 10 −11 (q = 2.1 × 10 −4 ). The replication assay contained 3 CpG sites. The highest P value (2.3 × 10 −10 ) of these 3
CpG sites was below our multiple testing threshold of P = 3.3 × 10 −3 . Table 2 shows that FAM63B is part of 4 networks regulated by miRNA. Three types of these miRNA (miR-218, miR-9, and miR-504) can be linked to neuronal differentiation and dopaminergic gene expression. [54] [55] [56] All genes selected from hypoxia pathways had a nominal P < .05. Whereas the most hypoxia-specific gene (ARNT) replicated after correcting for multiple testing, the most specific immune response-related gene, FCAR, was only nominally significant. To perform our second "replication" effort, we first removed the top MWAS findings that were used to detect the networks/pathways in the initial analyses and then performed 10 000 permutations to test whether the other genes in the implicated networks showed enrichment for small P values in the MWAS. For hypoxia networks created using PPIs, none of the test statistics obtained after permutation had a value more extreme than the observed test statistic (eFigure 5 in the Supplement). This implies a P < 1.0 × 10 −4 (= 1/10 000), indicating that the MWAS results for the remaining group of network genes were more significant than expected under the null hypothesis. For the pathway analyses, the permutation test was also highly significant (P <.001; eFigure 5 in the Supplement). For the immune system, we combined PPI network and pathway results to avoid small sets of genes. None of the permutation test statistics had a value more extreme than the observed test statistic (P < 1.0 × 10 −4
; eFigure 6 in the Supplement). Interestingly, a site in RELN had an MWAS q value of less than 0.1. RELN has previously been associated with schizophrenia via messenger RNA expression studies 57, 58 and, although some inconclusive results exist, 25 is one of the most prominent schizophrenia candidate genes in methylation studies. 19, 22 Furthermore, support for a strong inverse correlation between RELN expression and promoter methylation has been observed in mice 59 and humans. 60 Table 3 shows that the RELN site also replicated. Similar to previous findings, 19,22 we observed increased levels of methylation in schizophrenia cases. Traditionally, methylation studies of RELN have focused on the promoter region. Our best finding was located in the first intron and did not directly overlap the previous findings. Table 3 shows that our negative control did not replicate, nor did the 2 most significant sites obtained after we performed an MWAS without regressing out the principal components. This suggests that the principal components were useful to prevent false positives. Regressing out the covariates from Table 1 did not alter results (eTables 4, 5, and 6 in the Supplement). For example, cigarette smoking can result in impaired oxygen release to tissues, 61 and nicotine can upregulate HIF1A. 62 However, we did not observe correlations between the methylation of genes in hypoxia networks and smoking, nor did the inclusion of smoking status as a covariate change the replication results (eTable 4 in the Supplement). The hypoxia findings were very robust. Regardless of whether we used PPI networks, pathway databases, or an Abbreviation: MWAS, methylome-wide association study. a Total number of genes in the network.
b Number of genes in the network with q < 0.01 in the MWAS.
c Calculated as the proportion of genes observed in the network vs the proportion of genes expected assuming no enrichment. miRNA target gene database, hypoxia was a dominant theme. The hypoxia genes replicated in independent samples using a different technology. Furthermore, genes that were not among the top findings in the MWAS but were in the hypoxia pathways were also significantly enriched for small P values. Although the scope and quality of our phenotype data were limited, smoking or other covariates did not account for the hypoxia findings. Although we can only speculate about the cause, we note that a substantial amount of literature exists showing that hypoxia during fetal development increases the risk of schizophrenia. 3 It is known that environmentally induced methylation changes can be preserved over a prolonged period of time. 65, 66 One intriguing hypothesis is that early hypoxia events alter methylation profiles in blood DNA, traces of which are preserved in the adult patient. Many MWAS results reflected environmental insults. Because environmental effects cannot alter sequence variation, these phenomena cannot be detected with genome-wide association studies or exome-sequencing studies. Although there was some thematic overlap (eg, genome-wide association studies have implicated genes involved in immune response 67 ), this likely explains why we found genes that were different from those found in studies of sequence variants. To find overlapping loci, different analytical strategies may be required. For example, the DNA sequence can regulate methylation patterns, 9,68-70 and we are currently conducting analyses to find loci where these regulatory mechanisms may be disrupted in schizophrenia. Because these analyses combine sequence variants with methylation patterns, they are more likely to yield results that overlap with genome-wide association study findings. Methylation signatures of environmental insults may not impact gene expression in blood. Thus, whole transcriptome studies may not be able to capture the phenomena detected in this study; therefore, methylation studies provide unique possibilities compared with other technologies. Our results demonstrate how methylation studies in whole blood can advance schizophrenia research. First, they suggest that a record of pathogenic events may be preserved in the methylome. Etiologically distinct disease subtypes may be distinguishable from each other with respect to prognosis, course, or response to treatment. 71 The possibility of identifying these subtypes using methylation markers that tend to have large effect sizes and can be measured with cost-effective assays, using DNA from blood that is stable and easy to collect, would be of great clinical importance. Second, methylation studies can generate testable hypotheses about disease mechanisms. For example, the hypoxia findings show how methylation studies can point to disease-causing factors. As postulated by the "signature model," 5 the causal factors may affect schizophrenia through processes that have nothing to do with methylation (eg, possible causal mechanisms include disruption of the laminar organization of the cerebral cortex 72 ). Our RELN finding possibly demonstrates the second possible model, in which the methylation status of disease-relevant sites in the brain is mirrored by the corresponding sites in the blood. Thus, previous studies 19, 22 have implicated methylation sites in RELN in schizophrenia using postmortem brain samples. The fact that we find this gene in whole blood provides a possible illustration of the "functional mirror-site model." 5 A variety of efforts were taken to control for potential confounders. Our results suggested genes related to hypoxia, the immune system, and brain function rather than genes that, for example, are potentially relevant to medication and life style differences. This suggests that our efforts worked satisfactorily. For biomarkers other than genetic variants, there is always the inherent risk of confounding effects. Experiments studying model systems in controlled environments (eg, cell culture) would be the next step to rule out confounders completely.
Studies have suggested that 30 to 60 million reads per sample may be sufficient to reveal valuable information for whole-genome methylation analysis.
33, 73 We obtained, on average, 68.0 million reads, of which 32.4 million high-quality reads (47.6%) remained after stringent quality control. The MWAS was performed on "blocks" that summed reads across correlated CpG sites to improve the reliability of the measurements. This appeared to be sufficient to detect methylation markers that replicated in independent samples. It is possible, however, that increasing the number of reads would allow the detection of sites (eg, in CpG-poor regions) that could currently not be measured reliably.
Conclusions
In summary, to our knowledge, the present study is one of the first MWASs of disease with a large sample size using a technology that provided good coverage of methylation sites across the genome. Our results demonstrate how methylation studies can suggest new avenues to increase our understanding of disease and yield biomarkers that can be used to potentially improve disease management.
